The Purpose of present study was to investigate the effect of riboflavin/ultraviolet-A-induced collagen cross-linking (CXL) on central cornea, limbus and intraocular pressure (IOP). This was an animal experimental study. The right corneas of 10 rabbits were ultraviolet-A irradiated (3 mW/cm 2 for 30 minutes) after de-epithelialization and instillation of 0.1% riboflavin / 20% Dextran drops. Left corneas served as controls. Samples were examined histologically one month postoperatively. Before and after treatment, IOP measurements were recorded bilaterally. At central cornea of eyes underwent CXL keratocyte repopulation, normal arrangement of collagen fibres and a statistically significant change in fibres diameter were detected, compared to controls. At limbus area, there were not any significant histological differences after CXL. There was no statistically significant difference between pre-and postoperative IOP in all eyes. Results indicate no pathological effects on central cornea and no significant changes in limbus and IOP after CXL in rabbit eyes, so this method might be a safe therapeutical option. Further clinical investigations may be needed.
Introduction
It is known that the biomechanical properties of the cornea depend on the characteristics of the collagen fibers (1) (2) (3) . The surgical technique of corneal collagen cross-linking (CXL), using ultraviolet-A (UVA) irradiation and riboflavin, affects the hydration of the cornea, the apoptosis of the keratocytes and the diameter of the collagen fibers. The CXL-associated biomechanical and enzymatic changes make the cornea stiffer and more compact after treatment (4) (5) (6) (7) (8) . It should, also, be noted that both the instillation of riboflavin and the irradiation are applied up to the area of limbus. Among the possible additional local impact of CXL treatment are the changes in the structure of the trabecular meshwork and/or of the Schlemm's canal. The latter could be associated with a reduction of the aqueous humor outflow facility by acting in a way similar to Argon LASER Trabeculoplasty (ALT).
Based on the aforementioned hypothesis and evidence, we report our experience with experiments in rabbit eyes. Primary objective of the study was to assess potential morphological changes in the limbal area induced by CXL, which could affect the aqueous humor outflow and the IOP values. To our knowledge, no published data are available, regarding the impact of CXL on the limbus area and the trabeculum.
Materials and Methods
This experimental study was conducted at the Laboratory of Experimental Surgery and Surgical Research of Democritus University of Thrace, Greece, following the institutional and national guide for the care and use of laboratory animals (Trial number: EL71 BIO1), as well as principles of animal maintenance described by the Association for Research in Vision and Ophthalmology.
Ten healthy male New Zealand white albino rabbits [mean age of 5 months and mean weight of 3.6 ± 0.3 (Mean ± SD) Kg] were used for this single-center and single-surgeon experimental study. The corneal epithelium of the right eyes was mechanically removed and a 0.1% riboflavin in 20% Dextran 500 solution was instilled to the cornea for 30 minutes, until the stroma was completely penetrated and aqueous was stained yellow. Then, the corneas were UVA-irradiated for 30 minutes (wavelength of 365 nm, irradiance of 3 mW/cm 2 ) (UV-X TM Illumination System Version 1000, IROC AG, Zurich, Switzerland). Instillation of riboflavin drops was continued during irradiation, in order to sustain the necessary concentration of the riboflavin. Moreover, balanced salt solution (BSS) was applied every 6 minutes to moisten the cornea. The left fellow eyes served as intra-individual controls, remaining completely untreated (4 eyes), with epithelial debridement alone (3 eyes) or with epithelial debridement plus the application of the 0.1% riboflavin / 20% Dextran solution (3 eyes). This was performed to exclude an influence of the epithelial abrasion or associated hydration changes in the examined tissue and especially in the trabeculum. Before all of the procedures, the rabbits were anaesthetized with subcutaneous injection of a mixture of ketamine hydrochloride (50 mg/Kg) and xylazine hydrochloride (5 mg/Kg). After CXL treatment, drops of ofloxacin, fluorometholone and diclofenac nitrate were applied on both eyes of the rabbits, until complete re-epithelization of the cornea was detected by slit-lamp biomicroscopy. Before and one month after treatment, in all animals, IOP measurements were recorded bilaterally, using the Tonopen-XL (Reichert Inc., NY, USA), after topical anaesthesia (tetracaine drops), since pharmaceutical substances that are commonly used in general anaesthesia cause immediate and significant reduction of IOP (9) .
The animals were sacrificed one month after completion of the experiments and both eyes were enucleated. After fixation, the corneas were excised along with a 2 mm scleral rim, in order to maintain normal hydration conditions and to minimise oedema and striae, and bisected. The first section of every bisected cornea was prepared for scanning electron microscopy (SEM) and the second for histologic examination (light microscopy) by trichrom staining (CytoLogix Masson Trichrome Stain Kit, Cambridge, MA). The study was observer masked.
Results
Light microscopy ( Figures 1-3) showed that there was complete re-epithelialization of all corneas that underwent epithelial debridement. The CXL effect on treated corneas was established by the detection of the changes in both number and size of gaps between collagen bundles, particularly in their central area, where the treatment was focused. Limbus of the CXL treated corneas seemed to have nor-93 of CXL treatment was focused, the changes in spaces between fibers and bundles due to therapy were evident to some extent, with these distances to seem relatively shorter compared to the rest of the cornea. In addition, there were not any significant differences at the limbus area between CXL treated eyes and controls, regarding both collagen fibers morphology and distances between collagen bundles. Finally, endothelial cells and their intracellular connections had a normal appearance in all tissue samples.
The electron microscope digital images from central cornea and limbus area of all samples were transferred to a computer screen. The collagen fiber diameters were marked manually and calculated with the help of a special semiautomatic software program (Image tool). In each image, the mal appearance. Furthermore, no observable pathological changes, presence of inflammation or angiogenesis could be detected on the periphery of the corneas, including controls.
Scanning electron microscopy ( Figures 4-9) showed that in all specimens that underwent debridement, a complete recovery of the corneal epithelium with a relative degree of diversity was observed. Also, in places, there was a rupture of intercellular bridges to some extent. All corneas that served as controls demonstrated a normal collagen fiber pattern with an unremarkable keratocyte appearance. On the other hand, the corneas that were treated with the CXL technique, demonstrated keratocyte repopulation of the anterior stroma, but with some acellular areas in between, as well as keratocyte apoptotic changes, such as the formation of apoptotic bodies, chromatin condensation and cell nuclei shrinkage, particularly in the periphery of the irradiated area. The structure and the arrangement of the collagen fibers seemed to be normal, with an exception of some areas of the anterior stroma, where the collagen fibers were not very well-organized in bundles. On the contrary, deeper in the stroma of the CXL treated corneas, the collagen fiber pattern was similar to that observed in controls. The distances between the collagen fibers could not be precisely evaluated due to the dehydration of the tissue before observation. However, even after dehydration, in the anterior area of central corneas, where the application diameters of 20 contiguous fiber section profiles were measured. The change in thickness and morphology of collagen fibers was estimated, comparing the corneas underwent CXL treatment with controls (Table 1) . Mean (± SD) preoperative and postoperative IOP measurements of all eyes included in this study are shown in Table 2 . Statistically significant difference at 0.05 level was detected using the independent samples t-test and the Wilcoxon Signed Rank Test.
Discussion
It is known that the structure of the rabbit corneal stroma is similar to human one, therefore, it was considered as the ideal substitute tissue for this experimental study. However, there are several differences between human and rabbit eye that have to be mentioned. The collagen fibers, which are observed in the rabbit cornea, are thinner than those in the human one. Also, other types of collagen fibres, than Type I, are found in greater frequency than in the human cornea, such as the Type VI, which usually occurs in scarring (10) .
The results of this study confirmed a smooth reconstructive process following CXL treatment. Active inflammation was not observed. The epithelium regenerated rapidly after treatment and its mild non-specific differentiations seem to have no clinical significance. Regarding keratocytes, their number was normal, although some of them, especially 95 Tab. 1: Preoperative and postoperative collagen fiber diameter measurements (nm). those located in the anterior stroma, demonstrated apoptotic features. In previous experimental studies, keratocyte apoptosis was found due to the de-epithelialization or the UVA (11-13). The clinical significance of keratocytes apoptosis is unclear. Maybe, it is associated with scarring, clouding or thinning of the cornea (14) (15) (16) . This loss can be restored by repopulation due keratocyte migration from the adjacent tissue (11, 17) . However, in our study, we observed no change in the transparency or thickness of the cornea after CXL. Regarding collagen fibers, there were no significant changes of collagen pattern and collagen fibers morphology, with an exception of some areas of the anterior stroma, in which the collagen fibers were not very well organized. This may be due to the fact that the sacrifice of the animals took place in a relatively short time after treatment. Our results showed that there is a statistically significant increase in the diameter of collagen fibers of the central cornea, indicating the effect of the CXL treatment on this area, but there was not any similar observation at the limbus area. Also, a previous study by Wollensak et al has shown a statistically significant increase in corneal collagen fiber diameter, as a result of riboflavin/UVA-induced collagen cross-linking (6). The reason for this is that the induced cross-links push the collagen molecules apart, resulting in an increased intermolecular spacing and diameter of the collagen fibers (18) . However, over the years, the intrastromal processes caused a regression of the fiber thickness to baseline and a normalization of the cornea. In addition, the influence of fixation on corneal collagen has been examined systematically by others. They found an increase of the collagen fiber diameter through cross-linking induced by the fixative glutaraldehyde and a reduction in fiber diameter by the embedding resin. The two opposite effects cancel each other out, so collagen pattern is not affected by corneal fixation (19) . In our series, all of the specimens underwent the same fixation, so that the relative differences between the specimens cannot have been influenced by tissue processing anyway. Also, in previous studies, there was a cytotoxic effect of CXL treatment on the endothelium, when the radiation that reached there was greater than 0.36 mW/cm 2 . Using intensity of UVA on the surface of the cornea of 3 mW/cm 2 , this happens, only when the thickness of the cornea is less than 400 μm (1, 20) . In this study the endothelium remained intact, since the corneas remained transparent throughout the whole postoperative period.
Without any treatment
Regarding limbal area our results suggested that there are not any significant differences in the distribution and morphology of collagen fibers in this area between treated and untreated corneas. There is, certainly, the case that with this cutting method and observation using SEM, we have more reliable images from the limbus rather than from the trabecular meshwork. However, we can make the assumption that, if there are no changes at the limbus area, the changes at the trabeculum are rather improbable, since the trabeculum is deeper. The rabbit cornea thickness averages 0.37 mm at the center and 0.45 mm near the limbus. Also, the cross-linking effect is not distributed homogenously over the corneal depth. The maximum effect is detected in the anterior 200-300 mm of the cornea, because of the UVA-absorption by the photosensitizer riboflavin (7, 21) . This depth-dependent strengthening effect correlates with riboflavin corneal diffusion.
IOP values were measured using Tonopen-XL, since it is the tonometer of choice for measuring IOP in rabbits within the range of IOP 3 to 30 mmHg (22) . There was not any statistically significant difference between preoperative and postoperative IOP measurements. The IOP results after CXL plead for the assumption that there are no significant changes of the trabecular meshwork. This result, also, leads to the conclusion that CXL treatment might be a safe therapeutical option for patients, without influencing IOP and nerve condition.
Conclusion
In conclusion, we can say that the cornea responds well to the application of the CXL and no damage of its structure and functionality is observed. However, further experimen-96 tal and clinical studies with longer follow-up are necessary to indicate, if there are or not any significant changes at limbus area and IOP measurements after CXL, by changing some of the parameters of treatment. This information will likely be a useful tool in the design and duration of treatment and is one of our future targets.
